Construction of new C À C bonds by decarboxylative coupling is a powerful synthetic method since it avoids highly basic reaction conditions and preformed organometallic reagents that produce stoichiometric metal waste. [1] In addition, the byproduct (CO 2 ) is nontoxic and requires no special separation procedures. Thus several research groups have demonstrated that decarboxylative couplings are practical alternatives to standard cross-coupling reactions. [1] [2] [3] [4] [5] [6] For example, Gooßen and co-workers have reported a Pd II -catalyzed coupling of benzoic acids with haloaromatics to generate biaryl products. [3] Furthermore, Myers et al. have shown a Pd II -catalyzed decarboxylative variant of the Heck reaction. [4] Our research has focused on the development of decarboxylative allylation and benzylation reactions. [5] In this arena we have reported the decarboxylative allylation (DcA) of heteroaromatic coumarin substrates under mild conditions [Eq. (1)]. [6] Coumarins are not only "privileged" scaffolds of biological and pharmaceutical interest, [7, 8] but they are also widely used in dyes because of their photophysical properties. [9] In our continuing investigations of the DcA of coumarins, we turned our attention to the investigation of decarboxylative couplings of 4-substituted coumarins. Thus, 4-methyl-3-allylcoumarate 1 a was synthesized and subjected to our previous conditions for Pd 0 -catalyzed decarboxylative coupling at 50 8C. [6] Disappointingly, the starting material remained intact even after prolonged heating. However, upon heating the substrate at 110 8C in toluene for 6 h, we observed decarboxylation and CÀC bond formation (2 a) as well as protiodecarboxylation [Eq. (2) ]. Closer analysis of the products by 1 H NMR spectroscopy revealed that allylation occurs at the methyl terminus providing 4-homoallylcoumarin in lieu of the expected allylation of the 3-position of the coumarin. [6] In every other case of decarboxylative coupling that we have investigated, allylation occurs regiospecifically at the site that bears the carboxylate. [10] Thus, the observation of remote decarboxylative allylation warranted further investigation. Herein, we report that many other substituted coumarins exhibit similar regiochemistry in their allylation and we present a mechanism that explains this unusual regiochemical outcome.
Encouraged by the unexpected regiochemistry of allylation, we optimized the reaction conditions with the goal of suppressing the undesired protonation product (3 a) . After rigorous catalyst and solvent screening (Table 1 ) it was found Table 1 : Optimization of reaction conditions. [a] Entry Catalyst [b] Solvent [b] Yield [%] [c]
2 a:3 a 3 ] in combination with 6 mol % Xantphos provided excellent yields of 4-butenylcoumarin (2 a) when allowed to react with substrate 1 a in toluene at 70 8C. Under the optimized reaction conditions, we explored the substrate scope for this decarboxylative allylation reaction (Table 2) . A wide variety of 4-methyl-3-allylcoumarates with substitution on arene were synthesized and examined. Gratifyingly, it was found that a variety of aryl substitutions allow formation of coupling products in excellent yields, irrespective of the electronics. Even halogen substituents, such as Br, are compatible with our coupling conditions (2 d, 2 g, 2 k, Table 2 ). Thus, one-pot decarboxylative allylation/ cross-coupling reactions are feasible [Eq. (3) ]. In addition to the couplings of unsubstituted allyl esters, a variety of substituted and functionalized allyl esters undergo coupling to provide products in excellent yields. However, one limitation of the reaction is that allyl esters that possess bhydrogens preferentially form elimination products [Eq. (4) ].
Since the successful substrates for the remote allylation were 4-methyl substituted, we became curious whether larger 4-alkyl groups would participate in migratory allylation as well. Toward this end, the 4-ethyl-substituted substrate 1 l was prepared and allowed to react under our standard reaction conditions. Interestingly, the substrate underwent typical sitespecific allylation as previously reported. [6] Thus, it appears that sterics disfavor the mechanism by which the 4-alkyl group is allylated. Similarly, substrate 1 m did not undergo remote allylation of the methyl group, rather it underwent aallylation to give (2 m) along with the diallylation to give 2 m'.
At the outset, several mechanisms seemed reasonable for the formation of the remotely allylated coumarins such as 2 a. First, decarboxylative metalation could produce an aryl palladium species that is capable of undergoing a 1,3-migration (path a; Scheme 2). [11] Alternatively, the intermediate carboxylate may deprotonate the methyl group to generate a stabilized malonic acid dienolate. Such a proposal is reasonable given that the pK a values of carboxylates (ca. 12 in DMSO) and malonates (ca. 14 in DMSO) are comparable. [12] Allylation and decarboxylation would then produce 2 a. Lastly, the observation of the diallylated product (2 m', Scheme 1) suggested that the allylation of the methyl group might be proceeding through an a-allylation/Cope rearrangement mechanism (path c, Scheme 2). [13] The mechanism illustrated by path c (Scheme 2) is easily probed, since such a mechanism predicts that a substituted allyl ester will react to form the branched allylated product rather than the linear product. [5e, 14] To test this, the coumaryl cinnamyl ester 1 n was treated with Pd catalyst [Eq. (5)]. The resulting product forms in high yield with a 83:17 linear/ branched (l:b) ratio. The regioselective formation of the linear allylated product, 2 n, suggests that the methyl group is directly allylated and that a-allylation/Cope rearrangement is not the dominant mechanism for product formation. How- [2a,g, 5f,h, 6, 15] so the relatively low selectivity in this case may indicate a minor contribution of the allylation/Cope rearrangement mechanism.
With the above information in hand, further mechanistic studies were necessary to refine our mechanistic hypothesis. To begin, a deuterium-labeling study was performed to determine the origin of proton that comes at the a-carbon after decarboxylation. Toward this end, [D 3 ]-1 a was prepared and allowed to undergo decarboxylative coupling. The acarbon of the resulting product was 75 % deuterated at the aposition. Thus, deuterium is clearly transferred from the methyl group to the a-carbon.
Next, a crossover experiment showed extensive crossover between the deuterated reactant [D 3 ]-1 a and a protiocoumarin [Eq. (7)].
In addition to the observation of crossover, some mechanistic insight was obtained from the preparation of the requisite deuterated coumarin ([D 3 ]-1 a). Specifically, it was observed that treatment of the allyl ester 1 a with K 2 CO 3 and D 2 O did not lead to any appreciable deuterium incorporation (Scheme 3). However, treatment of the carboxylic acid under the same conditions led to extensive deuterium incorporation. Thus, the carboxylate group is necessary to facilitate deprotonation of the 4-methyl coumarin.
While the observations of extensive crossover and carboxylate-assisted deprotonation seemed to implicate a mechanism that follows path b, path a could not be ruled out based on these experiments alone. The mechanistic ambiguity was further clarified by a simple but crucial experiment. When a typical reaction was arrested after 2 h, the g-allylated, acoumaric acid 5 f was isolated in good yield. When the coumaric acid 5 f was resubjected to the reaction conditions, the decarboxylated g-allylation product 2 f was obtained (Scheme 4).
It is noteworthy that a Pd II source, Pd(OAc) 2 , failed to catalyze decarboxylation of 5 f under the reaction conditions. [2b,d, 14] Scheme 2. a-Allylation versus g-allylation.
Scheme 3. Carboxylate-assisted deuteration. Combination of all of the mechanistic studies suggests the following mechanism for this unusual decarboxylative gallylation. First palladium undergoes oxidative addition to form a p-allyl palladium complex and the coumarin carboxylate counterion. Then 1,5-proton transfer occurs to generate a stabilized carbanion at the methyl terminus. Next, nucleophilic substitution of the p-allyl palladium complex forms the CÀC bond. The CÀC bond could form by nucleophilic attack on the allyl ligand from the stabilized carbanion (Scheme 5) or by reductive elimination from a bisallyl-like Pd complex. [16] We favor the former mechanism because enolate nucleophiles that are related to our coumarin nucleophiles are known to react by backside attack on Pd(p-allyl) cations. [17, 18] Lastly, protonation of palladium results in a palladium carboxylate that can undergo decarboxylation followed by CÀH bond forming reductive elimination (Scheme 5). [19] In conclusion, we have observed remote decarboxylative allylation for the first time and developed a simple method for the g-allylation of coumarins based on this finding. Mechanistic studies suggest that the remote allylation is made possible by a carboxylate-assisted deprotonation to generate the nucleophile prior to decarboxylation. After allylation, decarboxylation of the carboxylic acid is catalyzed by Pd 0 , contrary to more commonly observed Pd II -catalyzed decarboxylations. [2, 5, 13] 
Experimental Section
General procedure for the palladium-catalyzed decarboxylative gallylation of 3-allylcoumarates: In an oven-dried Schlenk flask, 1 a (0.50 mmol) was dissolved in toluene (2.5 mL) under argon followed by the addition of [Pd 2 (dba) 3 ] (0.015 mmol, 3 mol %) and Xantphos (0.03 mmol, 6 mol %). The resulting reaction mixture was heated at 70 8C for 12 h. The solution was then concentrated on a rotary evaporator and the residue was purified directly by flash chromatography on silica gel (EtOAc/hexane 20:80). ABSTRACT: A three-component coupling of vinyl triflates and boronic acids to alkenes catalyzed by palladium is reported. Using 1,3-dienes, selective 1,2-alkene difunctionalization is observed, whereas the use of terminal alkenes results in 1,1-alkene difunctionalization. The reaction outcome is attributed to the formation of stabilized, cationic Pd-π-allyl intermediates to regulate β-hydride elimination.
S ignificant effort has been afforded to the development of high utility methods involving palladium-catalyzed alkene functionalization as highlighted by the Heck reaction 1 and the Wacker oxidation.
2 Inspired by the key mechanistic motifs of these fundamental reactions, a focus of our research program over the past several years has been the advancement of palladiumcatalyzed alkene difunctionalization reactions with the ultimate goal of selectively introducing two groups across the alkene.
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As a specific example, we have reported the diarylation 4c,d of conjugated and terminal alkenes using oxidative palladium catalysis (Scheme 1a). In this reaction, two aryl groups originating from an arylstannane are added across a 1,3-diene (or styrene) to yield the 1,2-diarylation product. Mechanistically, this reaction is thought to initiate by transmetalation to form Pdaryl species A, Heck insertion of a conjugated diene yielding B, and stabilization of the Pd-alkyl as a π-allyl C. Subsequent cross-coupling of a second equivalent of an aryl stannane results in product formation. 4d The success of this reaction is partially attributed to stabilization of the electrophilic Pd-species by formation of either a π-allyl (for dienes) 8 or a π-benzyl (for styrenes) 4c,d,9 intermediate suppressing β-hydride elimination. The obvious synthetic limitation of this 1,2-alkene difunctionalization reaction is the introduction of two identical aryl groups from the arylstannane as well as reasonably complex reaction conditions. To overcome this significant synthetic drawback, we considered an alternative and perhaps simpler approach. Specifically, the use of Pd(0) initiated catalysis is proposed wherein a vinyl triflate undergoes oxidative addition to yield Pd-vinyl species D.
Heck insertion of a diene should produce intermediate B 0 which is closely related to the proposed intermediate in the oxidative Pd-catalyzed diarylation reaction and should be stabilized by formation of a π-allyl C 0 to suppress β-hydride elimination. It should be noted that vinyl triflates were specifically selected to initiate the catalysis since highly electrophilic Pd-species should result in alkene insertion in preference to the more common Suzuki coupling sequence. 10 To complete the process, transmetalation of a boronic acid derivative and reductive elimination will introduce two different groups into the alkene framework to yield skipped diene products.
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Reports of related three-component coupling reactions of this type with Pd have been generally limited to substrates that are unable to undergo β-hydride elimination after Heck insertion such as norbornenes, 12 alkynes, 13 and carbene precursors. 14 Allenes as the "alkene" coupling partner have been reported, where a Pd-π-allyl species is directly formed via migratory insertion to presumably avoid β-hydride elimination in a manner similar to our proposal. 15 Herein, we present the successful development of a three-component coupling 16 to achieve the formation of two sp 2 Àsp 3 carbonÀ carbon bonds from the alkene framework using vinyl triflates as the organic electrophile and boronic acids as the organometallic reagent. Surprisingly, this complexity generating reaction occurs under very simple and mild reaction conditions, where alkene 1, 2-difunctionalization is achieved using conjugated dienes. Extension to more challenging terminal alkenes, which has not previously been reported, is also presented, yielding the 1,1-alkene difunctionalization products under identical reaction conditions. For optimization, vinyl triflate 1a, diene 2a, and boronic acid 3a were selected (Table 1) . Gratifyingly, the optimized conditions Journal of the American Chemical Society COMMUNICATION are simple, in which catalytic amounts of Pd 2 (dba) 3 in the presence of stoichiometric KF as base in dimethylacetamide (DMA) as solvent are required for selective formation of the three-component coupling product 4a. Other bases, such as K 2 CO 3 , Cs 2 CO 3 , and K 3 PO 4 , also gave the desired product in similar yields, and the addition of exogenous water does not impact the overall outcome of this reaction (see Supporting Information). No added ligand is necessary, implicating to us the importance of solvent acting as a ligand on Pd. 17 Exploration of other solvents highlights this point revealing that common amide solvents (entries 4 and 5) lead to better selectivity for 4a than other polar solvents such as tert-amyl alcohol (entry 2) and DMSO (entry 3) wherein both Heck and Suzuki products are formed in substantial amounts. Addition of several monodentate phosphine ligands (entries 6 and 7) also leads to mixtures of products. Of note, the use of tricyclohexylphosphine promotes the Heck reaction while also forming the diene hydroarylation product, presumably from a Pd-hydride formed in the reaction. The reaction temperature modestly affects the reaction outcome (entries 8 and 9) , while the use of either boronic esters (entry 10) or trifluoroborates (entry 11) leads to lower yields of 4a. A 1:1 ratio of alkene and vinyl triflate is required to achieve excellent yields of the desired skipped diene products with only a modest excess of the boronic acid.
Using the standard conditions, we explored the scope of the three-component coupling of 1,3-dienes (Table 2) . Previous results from our lab suggested that selective 1,2-addition reactions in the cross-coupling of π-allyl intermediates C are achieved by using aryl 1,3-dienes.
8i Therefore, both electron-rich and electron-deficient aryl-substituted dienes were evaluated, yielding the corresponding three-component coupling products in good to excellent yields with >95:5 selectivity for the 1,2-addition product. A variety of vinyl triflates in combination with aryl boronic acid derivatives with common functional groups were evaluated. The use of simple cyclic vinyl triflates with different ring sizes (4a, d, f, g, l) led to excellent yields. Heterocyclic vinyl triflates (4b, h, i) also provide the corresponding products in modest to excellent yields. An acyclic vinyl triflate (4j) gave the desired product in moderate yield. Using a vinyl triflate derived from (þ)-camphor produces 4k in high yield but unfortunately a nearly 1:1 mixture of diastereomers. Various aryl boronic acids were also explored, wherein electronically disparate substituents or ortho-substitution on the arene had little influence on the reaction outcome. Of note, aryltriflates are not effective coupling a Conversion of 2a, measured by GC using an internal standard.
b GC yield using an internal standard.
c Hydroarylation product (E)-but-1-ene-1,3-diyldibenzene was found in 50% GC yield. Journal of the American Chemical Society COMMUNICATION partners and styrenes lead to a mixture of constitutional isomers under these reaction conditions. The formation of a π-allyl-Pd-species similar to C 0 is a key proposal in this process as depicted in Scheme 1c. To probe if a species of this type is undergoing β-hydride elimination during the reaction, deuterated substrate d 2 -2a was synthesized and subjected to the standard reaction conditions. No deuterium migration occurs during the course of the reaction as determined by 1 H NMR, ruling out the occurrence of β-hydride elimination of the π-allyl-Pd (Scheme 2a). This suggests as hypothesized above that π-allyl-Pd formation controls the outcome of the reaction, which is in good agreement with our previous observation in the 1,1-oxidative diarylation of terminal olefins with organostannanes that a deuterium label migrates in order to form a stabilized π-benzyl-Pd intermediate (Scheme 2b . Subsequent transmetalation of a boronic acid and reductive elimination produce the desired threecomponent coupling product. The use of simple terminal alkenes in three-component coupling chemistry of this sort has not been reported to the best of our knowledge.
With no change to the optimized reaction conditions, the three-component coupling of terminal alkenes leads to generally excellent selectivity and yields for the desired 1,1-alkene difunctionalization product (Table 3) . Olefins bearing common functional groups such as a nitrile (8e), a primary alkyl chloride (8g), esters (8j, k), a protected amine (8l), a free primary alcohol (8f), and a primary bromide (8h) were found to be compatible under these reaction conditions. Unfortunately, unprotected carboxylic acids and basic amines did not successfully undergo the threecomponent coupling. A variety of arylboronic acids proved to be effective coupling partners, providing high yields regardless of their electronic nature. A homoallylic alcohol cleanly undergoes coupling, although a 1:1 mixture of diastereomers results (8m). As noted above, heterocyclic vinyl triflates are excellent partners in this reaction (8c, d, l). In contrast to conjugated dienes, a limitation of this method is a general requirement of six-membered cyclic vinyl triflates to achieve selective formation of the endocyclic double bond (five-and seven-membered ring vinyl triflates yield a mixture of constitutional isomers). As an example, coupling with an acyclic vinyl triflate produced a 1:1 mixture of two regioisomers 8n and 8n 0 (see Supporting Information). These results further indicate the formation of a π-allyl-Pd intermediate like C 00 . Presumably, in the case of six-membered vinyl triflates, the thermodynamically more favorable endocyclic double bond is formed. Control of constitutional isomer formation should considerably expand the utility of this process and is under current investigation.
In summary, we have combined the Suzuki reaction and the Heck reaction in an intermolecular fashion to achieve the 
Scheme 2. Mechanistic Analysis
Journal of the American Chemical Society COMMUNICATION difunctionalization of 1,3-dienes and terminal alkenes. The conditions are quite simple using reagents that are readily accessed and are not required in extreme excess. The scope of this reaction is relatively broad in terms of functional group compatibility and the products formed would be difficult to prepare rapidly using current methods. The success of this reaction class is attributed to the formation of stabilized, cationic π-allyl-Pd intermediates. In the case of conjugated dienes, the π-allyl-Pd intermediate is formed initially from Heck insertion of the alkene, which is faster than Suzuki cross-coupling under the optimized reaction conditions. In contrast, terminal alkenes undergo π-allyl-Pd formation by a proposed β-hydride elimination/Pd-hydride reinsertion rearrangement. The ability to form sp 2 Àsp 3 carbonÀcarbon bonds on the alkene framework with different coupling partners holds significant promise for synthetic endeavors. Future work is focused on probing the synthetic applications of this reaction class by developing enantioselective variants, evaluating broad classes of coupling partners, and understanding the underlying mechanistic features. 
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Redox isomerization reactions are of particular interest because they exhibit perfect atom economy, and they often utilize the inherent reducing power of hydrogen that is embedded in molecules to effect reduction of other functional groups. [1] [2] [3] In doing so, redox isomerizations are able to circumvent the requirement for exogenous reducing agents, which tend to be high energy reagents. The power of redox isomerizations is arguably increased when it is used in conjunction with C-X bond-forming reactions. The Tishchenko reaction is a classic example of such a coupling reaction that has been proposed to proceed via an intermediate redox isomerization. 2 More recently, Seidel has demonstrated several intriguing reactions where an intramolecular redox reaction is used to effect a reductive amination in concert with a second C-N bond forming reaction (eq 1). 3 Herein, we report a related, acid-catalyzed intermolecular redox amination that takes advantage of the inherent reducing power of 3-pyrroline (eq 2). Ultimately, redox isomerization can be used to form N-alkyl pyrroles via reductive amination, a reaction that cannot typically occur since pyrrole is a weak N-nucleophile. Moreover, the mild conditions, atomeconomy, and operational simplicity of the redox amination reported herein make redox amination a viable alternative to more standard syntheses of N-alkyl pyyroles. 4 Initially, we were interested in performing an intramolecular variant of a rearrangement reaction described by Murahashi. 5 However, rather than the intended product, the alkyl pyrrole 1a was isolated in 25% yield (eq 3). Since such a reductive amination to form aromatic amines is a potentially powerful synthetic method, we chose to investigate the reaction further. Literature searches reveal that Cook discovered an analogous thermal condensation of 3-pyrroline with cyclohexanone at 140°C in xylene to produce N-cyclohexylpyrrole in 47% yield. 6, 7 Unfortunately, other ketones provided even poorer yields. Since our reaction appeared to take place under milder conditions, we set our sights on developing a catalytic reaction that would have broad utility.
To begin, reactions were performed to determine which species in the original reaction mixture was responsible for catalyzing this transformation. As can be seen from Table 1, CF 3 CO 2 H effected the reaction alone (entry 3), and Pd(PPh 3 ) 4 was somewhat detrimental to the reaction (entry 2). Moreover, performing the reaction under air was problematic due to background oxidation of 3-pyrroline to pyrrole (entry 4). Having established that the reaction was catalyzed by Brønsted acids, we turned our attention to the use of milder acids. Indeed, acetic acid and benzoic acid are both competent catalysts for the transformation and can be used interchangeably. While reactions that were run with 1:1 pyrroline/ aldehyde did not completely consume the aldehyde within the allotted reaction time, the yields of the reactions were still good (entries 5, 8, and 11) . Ultimately, the use of 1.5 equiv of pyrroline allowed full conversion of starting material within a shorter time and provided a slightly higher product yield (entry 10 vs 11). 8 Next, the scope of the benzoic acid catalyzed reaction was investigated. It was gratifying to find that both aliphatic and aromatic aldehydes were good partners for the redox amination (entries 1-5, Table 2 ). Moreover, an R, -unsaturated aldehyde formed the allylic pyrrole, albeit in moderate yield (entry 5). In addition to aldehydes, aliphatic and aromatic ketones are excellent substrates (entries [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . However, the ketone substrates usually required longer reaction times than the corresponding aldehydes. It is noteworthy that the mild acidic conditions are compatible with a variety of functional groups including alkene, nitrile, nitro, ether, CF 3 , and acetal groups. Lastly, the redox amination avoids stoichiometric strong bases that are typically associated with the N-alkylation of pyrroles. 4 Thus, we can access products that would be highly prone to elimination if alkylation of a basic pyrrole anion a Isolated yields of reaction between 3-pyrroline (0.75 mmol) and aldehyde (0.5 mmol) in 0.5 mL of toluene unless otherwise stated.
b 0.5 mmol pyrroline and aldehyde.
10.1021/ja907357g CCC: $40.75  XXXX American Chemical Society with a bromoalkane were attempted (entries [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Finally, while we have initially focused on the scope of aldehydes and ketones that undergo redox amination with 3-pyrroline, the concept applies to other pyrrolines as well. For example, 3-phenyl-3-pyrroline readily participates in the reaction, providing the substituted pyrrole 1q in high yield (entry 17). Dehydroproline methyl ester and 2,5-dimethyl-3-pyrroline provide high yields in the reaction with aldehydes as well (entries [18] [19] [20] ; however the sterically bulky 2,5-dimethylpyrroline failed to react with ketone substrates such as acetophenone and 4-phenyl-2-butanone.
Having demonstrated that the reaction has significant scope, it was posited that such a reaction may allow us to engage lactols to form ring-opened pyrrole conjugates (Table 3) . Interestingly, treatment of five-and six-membered lactols under our standard reaction conditions produced the δ-hydroxy pyrroles in good yield (entries 1-3). Next, we turned our attention to the redox amination of chromanols (entries [4] [5] [6] . It was particularly gratifying to observe good yields of the pyrrolyl phenols since our previous efforts to generate compounds of this chemotype by more standard acyl substitution and reduction chemistry failed. 9 In conclusion, a wide variety of aldehydes, ketones, and lactols undergo redox amination when allowed to react with 3-pyrrolines in the presence of a mild Brønsted acid catalyst. This reaction utilizes the inherent reducing power of 3-pyrroline to perform the equivalent of a reductive amination to form alkyl pyrroles. In doing so, the reaction avoids stoichiometric reducing agents that are typically associated with reductive aminations. Moreover, the redox amination protocol allows access to alkyl pyrroles that are not available via standard reductive amination. A recent survey reveals an extreme rise in the market price of rhodium such that it is by far the most expensive transition metal (28 172 USD/mol). 1 Since rhodium catalysts have wide-ranging utility in organic synthesis, 2-4 extensive attention has been paid to the development of methods for the recycle of the costly rhodium catalyst. 5 Immobilization of the catalyst on solid supports like silica 6 leads to a heterogeneous catalytic system that facilitates recycle, but ultimately reduces the catalytic efficiency and/or selectivity in synthetic transformations. Since homogeneous catalysts are often more selective than heterogeneous catalysts and are not impeded by mass-transfer effects that reduce activities of heterogeneous catalysts, the development of recyclable, homogeneous supports is expected to provide more synthetically tunable and practical catalysts. Here we report the design and development of a homogeneous polymer support and its successful application to the rhodium-catalyzed 1,4-additions of aryl-and vinylboronic acids to enones. Exploiting the property of the polymers' differential solubility, phase trafficking by simple precipitation with an antisolvent can be used to recover and reuse the catalyst without appreciable loss of catalytic efficiency. 7 Previously, several research groups 5, 8 have developed polystyrene supports that facilitate the recycle of rhodium catalysts. However, the typical polymer supports suffer from serious limitations like insolubility, gel formation, tedious procedures to swell the polymer, and limited loading of the phosphorus ligand in the polymer backbone (e.g., 0.17 mmol/ g). 5b Many of these issues relate to the fact that polymers that are purchased commercially, or are prepared by conventional radical polymerization of styrene, have high molecular weight and/or broad molecular weight distribution. Thus, they have poor solubility properties. The slower kinetics of reactions catalyzed by gel-phase or solid-phase catalysts have important practical effects as well. For instance, the conjugate addition of arylboronic acids to enones suffers from competing hydrolysis of the costly boronic acids: the slower the catalyst is, the more hydrolysis occurs. Thus, when a heterogeneous polystyrene-supported catalyst is used for the conjugate addition, a 4-5-fold excess of boronic acid is required. 5 We hypothesized that problems such as this could be solved by synthesis of soluble polymersupported rhodium catalysts that have a narrow molecular weight distribution yet can be readily recycled by precipitation and filtration. In addition to molecular weight control, it was important to design a polymer support that could bind Rh in a bidentate fashion. Such binding was expected to better site-isolate the rhodium catalysts as well as prevent leaching of rhodium from the polymer. Ultimately, we have been able to synthesize a wellcharacterized polymer having comparatively low molecular weight and a narrow molecular weight distribution (∼1.2 × 10 4 , PDI ) 1.3, Scheme 1). 9 Control of the molecular weight and distribution was achieved by adopting a living free radical polymerization technique that is mediated by the stable nitroxyl radical, TEMPO. 9 Conducting the copolymerization of the functional monomer 1 and styrene (1:10 ratio) at 123°C produced a functional polymer whose ligand incorporation into the polystyrene backbone was estimated at 10% from the 1 H NMR spectrum. Interestingly, end group analysis of the vinyl region of the 1 H NMR spectrum suggests that the polymer is not cross-linked under these conditions. In other words, a single alkene in the bis-alkene 1 undergoes polymerization. The resulting polymer was deprotected and the phosphite ligands introduced onto the polymer backbone. The result is a polymer-supported Biphephos derivative that we call JanaPhos. 10 If incorporation of the phosphite into the polymer was perfect, one would expect a P-loading of 1.10 mmol/g and thus the ligand loading would be 0.55 mmol/g. Estimation of the P loading by 31 P NMR spectroscopy shows that the P-loading is 0.65 mmol/g. This value was further confirmed by ICP-OES analysis of the polymer, indicating that the polymer can support 0.32 mmol of rhodium per gram of polymer.
JA907357G

11
The polymer-supported phosphite is quite soluble in tetrahydrofuran, dichloromethane, and toluene (e.g., 60 mg/ ml in toluene), but is insoluble in methanol. Thus, it is recovered quantitatively by simple precipitation with MeOH and filtration.
Next, we turned our attention to the examination of the supported rhodium complexes in catalytic hydroarylations of enones. The typical experimental procedure is straightforward and simple to operate. A mixture of enone (1 mmol) and arylboronic acid (1.3 equiv) was placed in a roundbottomed flask and a toluene solution (3 mL) containing Rh(acac)(CO) 2 and JanaPhos was added to it under an inert atmosphere. Finally, a solution of methanol and water (1:1, 0.5 mL) was added to it via syringe and the resulting reaction mixture was heated at 50°C. As can be seen from Table 1 , enals, aliphatic enones, chalcones, and cyclic enones all give high yields of hydroarylation products with our ligand. 12 Importantly, these high yields are obtained when using just 1.3 equiv of boronic acid partners; related reactions with polymer-supported rhodium catalysts require 4-5-fold excess of boronic acids. 5 In fact, our recyclable catalyst performs as well as, or better than, typical small-molecule catalysts which typically utilize 1.3-10 equiv of boronic acid. 2a,5 It is important to note that the MeOH/H 2 O cosolvent used in the hydroarylations was not enough to cause precipitation of the catalyst. In fact, the use of water as a cosolvent has a marked positive effect on the reaction yield; in the absence of protic cosolvent, the hydroarylation of cyclohexenone proceeds to only 35% conversion after 15 h. Chem. Soc. 1971, 93, 3062. (b) Nozaki, K.; Itoi, Y.; Shibahara, F.; Shirakawa, E.; Ohta, T.; Takaya, H.; Hiyama, T. J. Am. Chem. Soc. 1998, 120, 4051. (c) Nozaki, K.; Shibahara, F.; Itoi, Y.; Shirakawa, E.; Ohta, T.; Takaya, H.; Hiyama, T. Bull. Chem. Soc. Jpn. 1999 , 72, 1911 Nozaki, K.; Hiyama, T. J. Am. Chem. Soc. 2003, 125, 8555. (9) Since our functional monomer proved to be equally active toward polymerization as styrene, the PDI is expected to be similar to that reported for pure polystyrene: Dollin, M. (11) Recent reaction improvements have led to phosphorus loadings of 1.06 mmol/g; however, the experiments reported in this paper utilized polymer with lower (0.65 mmol/g) phosporus loading.
(12) A control experiment wherein cyclohexenone was treated with phenylboronic acid without added Rh(acac)(CO) 2 and did not produce any product under identical conditions. Scheme 1. Synthesis of Polymer-Supported Ligand Next, the scope of boronic acids that can be utilized was briefly examined. Simple aryl and biaryl boronic acids all provided good yields of arylated products with a variety of enals and enones (Table 2) . Moreover, dibenzylidene acetone undergoes selective monoarylation, generating only 5% of the double-addition product (Table 2, entry 4). Lastly, vinylboronic acids were suitable reaction partners, allowing access to γ,δ-unsaturated ketones (Table 2, entries 7 and 8).
Having explored the general scope of the reaction, our attention turned to recycle of the catalyst. Here, the reaction was run as previously described. Then, upon completion of the hydroarylation, excess methanol was added to the reaction mixture and the catalyst precipitated out as a white solid (Figure 1 ). While the white solid is somewhat unusual for a rhodium-containing catalyst, the 31 P-
103
Rh coupling present in the 31 P NMR of isolated catalyst confirms that Rh remains bound to the polymer.
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The catalyst was then isolated by filtration and used for subsequent reactions. It was observed that performing the filtration under air was associated with the gradual loss of catalytic activity as gauged by the yield of product (Table  3) . However, filtration under an inert atmosphere allowed recycle with no appreciable loss of catalytic activity (Table  3) .
Next, to examine the utility of the catalyst on a somewhat larger scale, the reaction of cyclohexenone with phenylboronic acid was performed on a 20 mmol scale and the product 2-phenylcyclohexanone was isolated in identical yield (83%) to the small-scale reaction ( formed with the JanaPhos ligand (Scheme 2). As is evident from Scheme 2, good yields of product are obtained in the hydroformylation of 1-octene, 10 conjugate addition of an alkyne to acrolein, 14 arylation of an aldehyde, 4a,15 and arylation of an alkyne.
4d Broader substrate scope studies of these reactions are ongoing and will be reported in due course.
In conclusion, we have developed a recyclable polymersupported rhodium(I) catalyst for the efficient 1,4-addition of aryl-and vinylboronic acids to enones. In addition the catalyst is active for a number of other rhodium-catalyzed reactions, including hydroformylation. The catalyst operates under homogeneous catalytic conditions, thus avoiding typical problems associated with heterogeneous catalysts. Finally, the supported catalyst can be readily recycled by simple precipitation and filtration. In recent years, significant effort has been devoted to the development of decarboxylative couplings that allow C-C bond forming cross-couplings without the need for preformed organometallics. [1] [2] [3] In avoiding preformed organometallic reagents, decarboxylative couplings often avoid the use of highly basic reaction conditions and the production of stoichiometric metal waste.
1c One remarkable example is the decarboxylative biaryl synthesis developed by Goo en.
2 For all its potential utility, such sp 2 -sp 2 couplings require decarboxylative metalation of sp 2 -hybridized carbons which is a relatively high-energy process that utilizes copper cocatalysts at 120-170°C. 2a,b A similar, cocatalyst free, decarboxylative coupling of heteroaromatics was also reported to occur at 150°C.
2c Thus, these promising reactions could still benefit from the development of more mild conditions for the cross-coupling. In addition, the decarboxylative coupling of aromatics and heteroaromatics has not been extended to sp 2 -sp 3 couplings, 1b,4 which would dramatically expand the structures that can be synthesized by decarboxylative arylation. Herein we report a palladiumcatalyzed decarboxylative allylation of coumarins that proceeds under exceptionally mild conditions. In looking for scaffolds on which to develop decarboxylative allylation of aromatic nucleophiles, we were immediately drawn to coumarins. Coumarins are privileged structures in biological chemistry, and numerous pharmaceuticals are based on development of this basic scaffold (Figure 1) . 5 Of these, warfarin (1) is the most well-known of a class of 3-alkyl coumarins used as anticoagulants. In principle, a decarboxylative allylation of coumarins may provide access to compounds like warfarin and also allow the synthesis of a wide variety of 3-alkylcoumarins for biological screening. To begin, 4a was synthesized and treated with Pd(PPh 3 ) 4 in dry CH 2 Cl 2 (Scheme 1). It was gratifying to find the reaction went to 100% conversion, allowing 3-allylcoumarin 5a to be isolated in 73% yield. In addition to product (5a), the reaction forms ca. 10% 6-nitrocoumarin, which results from protonation of a putative coumarin anion equivalent. 6 It is particularly noteworthy that the decarboxylative metalation took place at just 50°C. While decarboxylation of 3-carboxycoumarins can be effected by heating with strong acid or base, decarboxylative metalation under neutral conditions is difficult. For example, copper-catalyzed decarboxylation of a related 2-carboxycoumarin takes place at 248°C in refluxing quinoline. 6, 7 Moreover, the allylation took place without the need for preformed organometallics that are typically required for the allylation of sp 2 carbons, 8, 9 and it is more efficient than typical syntheses of 3-allylcoumarins. 10 Next, a range of coumarins were subjected to our standard conditions for the coupling. As can be seen in Table 1 , the yields of the coupling are generally good. The reaction is compatible with electron-donating and electron-withdrawing functional groups. This fact argues against simple electrophilic allylation of the coumarin. 11 While coumarins with oxygen donors are excellent substrates, an amine-containing substrate (entry 9) provides a relatively low yield of product. Importantly, aryl bromides are tolerated, allowing tandem reactions involving decarboxylative coupling and standard cross-coupling chemistry. Lastly, a thiocoumarin substrate reacts similarly to the coumarin substrate, providing a 63% yield of 3-allyl thiocoumarin (Scheme 2).
Next, we turned our attention to the investigation of the coupling of substituted allyl electrophiles with coumarins (Table 
